A method for the measurement of oxygen uptake and carbon dioxide production rates in mammalian cell cultures using membrane mass spectrometry is described. The small stirred reactor with a volume of 15 ml and integrated 13 pH-control permits the economical application of isotopically labelled substrates and C-labelled bicarbonate buffer. Repetitive experiments showed the reproducibility of the method. In one case bicarbonate-free HEPES 12
H
Henry coefficient (mol l bar ) Fleischaker and Sinskey (1981) . The presently probably most popular method uses quasi-steady-state
Cell line and medium composition liquid phase balancing (e.g. Ramirez and Mutharasan (1990) , Eyer et al. (1995) ). This method is mainly A murine hybridoma cell line HFN 7.1 (ATCC CRL useful for small scale laboratory reactors where oxy-1606) that produces an IgG antibody directed 2A gen transfer via surface aeration is well defined. Gas against human ferritin was grown in a serum-free low phase balancing, the standard method in microbial protein medium and was used for both experimental cultivations, suffers from error amplification because methodologies. A mixture of Dulbecco's, Ham's F12 of small differences between inlet and outlet oxygen and Iscove's powered medium (DHI, 1:1:2) (Gibco, gas concentrations. One way to overcome these difGrand Island, NY, USA) was used as the basal ficulties is the supply of inert gas into the headspace 21 medium and was supplemented with 5 mg ml (Eyer et al. 1995) and subsequent mass spectrometric transferrin (Boehringer Mannheim, Mannheim, Geranalysis. Carbon dioxide production rate (CPR) is many), and 0.35% (w / v) Synperionic F68 (Serva, much more difficult to measure mainly because of the Heidelberg, Germany). The medium contained glularge amount of bicarbonate accumulated and because cose, 5 mM glutamine, and 1% (w / v) Primatone. of the influence of pH. Bonarius et al. (1995) have elaborated a method to determine also CPR by deBatch and fed-batch growth experiments tailed gas and liquid phase balancing of the reactor and the medium storage tank. Membrane mass specThe composition of the medium was modified to trometry (MMS) has been shown useful for measurestudy individual effects of compounds. Isotopically ment of dynamic changes of dissolved gases in anlabelled substances were purchased from Cambridge aerobic digestion (Dornseiffer et al. 1995; Meyer and Isotope Laboratories (Cambridge, MA, USA). Heinzle 1998).
NaHCO free medium was prepared with an addition Hybridoma cells are widely used in industry for 3 of 10% (v / v) 1 M sterile HEPES buffer [(4-2-Hyantibody production. Mammalian cell culture is also droxyethyl)-1-piperazine, Boehringer, Mannheim, important for the production of pharmaceutical pro-
13
Germany]. NaH CO buffered medium contained 32 teins, and measurement of OUR and CPR will im-3 13 prove understanding dynamic phenomena in such mM NaH CO . In glucose controlled experiments 3 cultures and will supply data for on-line control (e.g. pulses of sterile glucose solution with a volume of Ramirez and Mutharasan (1990) , Eyer et al. (1995) ).
2 ml were added daily providing a glucose concenThe aim of the present paper is to present procedures tration increase of 5.6 mM. Initial glucose concento obtain OUR, CPR and respiratory quotients (RQ) tration of 6.7 mM was used together with 32 mM of 13 by using MMS in hybridoma cultures performed NaH CO buffer. Glutamine controlled growth 3 under batch or fed batch (pulsed feeding) conditions. started with standard medium which contained
A specially designed small reactor with a working 32 mM of NaH CO buffer. After reaching com-pulses were made with sterile glutamine solution with a volume of 1 ml to provide a concentration increase of 1 mM glutamine in the culture broth. For cultivation with PMS initial medium contained 32 mM of Membrane mass spectrometer reactor The reactor system described by Dornseiffer et al. (1995) , Meyer and Heinzle (1998) was used for batch cultivation (Figure 1 ). The stirred reactor of 15 ml volume was made of plexiglas. The removal of gas with the cell-free supernatant. The supernatant was bubbles was enhanced by a conical top section and by sparged with helium (He) to strip the dissolved CO .
2 the possibility of evacuation of the whole chamber. After reaching a constant low value of dissolved CO 2 The bottom was made of stainless steel allowing under constant pH and temperature (e.g. pH 5 7.2, T temperature control at 37 8C (6 0.5 8C) with circulat-5 37 8C), helium sparging was stopped. Then the ing thermostated water. The reactor was also reactor was sparged with air. After reaching a disequipped with a thermocouple, a pH probe (Ingold, solved oxygen concentration value (DO) correSwitzerland), and a mass spectrometer membrane sponding to 50% air saturation, sparging with air was probe made of stainless steel and connected to a stopped and the remaining gas bubbles were removed quadrupole mass spectrometer (QMG 420, Balzers, by shortly applying vacuum before starting the experi-FL). A PC was connected via a serial interface and ment. Cells were taken from a T-flask and centrifuged also used for pH control. pH control was achieved 5 min at 200 rpm mixed with PBS salt solution (Life with the help of a piston pump (Dosimat 665, MetTechnologies, MA, USA) and centrifuged again. Cells rohm, Switzerland) by feeding 1 N NaOH.
were suspended in 2 ml of air saturated supernatant from the first centrifugation. The cell suspension was Measurement of respiratory activities injected into the reactor to start the experiment. The changes of the dissolved gases with time were meaFor measuring respiratory activities, a cultivation sured by MMS while the reactor was closed to the broth sample (V 5 20 ml) was taken from a jumbo environment. The experiments were performed with-T-flask daily and centrifuged for 5 min at 200 rpm to out addition of antibiotics. The stirring rate was found remove the cells from the supernatant. The cells were to be optimal at 150 rpm, which is mild enough not to put back into the T-flask, while the reactor was filled harm the cells. . 1987) . Generally DO ranges between 30%-65% cells ml in this experiment. air saturation are accepted to be optimal for cell An important question is, how repeatable such growth. In this study, DO was set to 50% air saturadynamic measurements are. We have therefore pertion at the beginning of the experiment. Data for OUR formed experiments where the same cell suspension and CPR evaluation were taken after initial transients was exposed to two consecutive dynamic measure-(8 to 10 min) until reading 30% of oxygen saturation ments. After depletion of oxygen in the first respira-(30 min). Therefore, to keep the O concentration at tion experiment at 90 min, the culture was re-aerated, 2 optimal levels (e.g. 30%-50%), the interval between and a second experiment was started. The results are 10-30 min was taken into account in this particular depicted in Figure 3 and the estimated average values experiment to estimate CPR, OUR and RQ (Figure 2) . between 10 and 30 min clearly showed a good agreeFinally values of CPR and OUR were estimated as the ment between both runs. The differences were well average values of that time interval, CPR 5 2. period taken for OUR and CPR estimation is indicated by the double arrow. Mean OUR 5 2.8 3 10 mol l min (6 0.1 3 10 ), mean CPR 5 2.03 3 10 mol l min (6 0.2 3 10 ), pH 5 7.2 (60.01), cell concentration 2 3 10 cells ml . Temperature was 37 8C (60.58). h-dissolved CO ,^-dissolved oxygen. ly produced CO . Glucose and glutamine controlled 2 batches were also conducted using the same buffer. The metabolic activity was followed by monitoring
Estimation of dissolved oxygen and carbon dioxide
The artificial electron acceptor PMS was used to study its effect on cell metabolism. Cells were taken daily from T-flasks and were placed in the reactor connected with the membrane mass spectrometer. OUR, CPR and RQ were estimated from the consumption or production of dissolved gases O and CO . Since the 2 2 cell concentration varied from sample to sample, specific rates q and q were calculated per unit O2 CO2
viabie cell. The characteristics of different batches 13 were compared with NaH CO buffered batch re-3 sults, which were used as a reference.
13
NaH CO buffered batch
Cells were grown in NaH CO buffered medium. In d . The related specific RQ was found as RQ 5 0.91 (6 0.03). Final concentrations of glucose and lactate were 13 mM and 24 mM, respectively (data not shown).
HEPES buffered batch
Cells were cultivated with the addition of (10%) HEPES in NaHCO 2free medium. Cells need CO at the end of exponential phase of growth, a sudden dynamic measurement of OUR and CPR 24 hours decrease of the respiration rate was observed. Averafter each pulse, when almost all glucose was conage values of q and q for the exponential phase sumed by the cells. The concentration of viable cells O2 CO2
of batch growth (days 1 to 4) were q 5 22.5 3 is shown in Figure 6 . The maximum cell density was increase in population compared to NaH CO -buf-15.1 3 10 (6 1.1 3 10 ) mol cell d , respec-3 fered batch culture. Mean specific rates were: q 5 tively. The specific RQ was 0.67 (6 0.03). The Glutamine controlled batch cose and lactate were 13 mM and 16 mM respectively (data not shown).
Glutamine is metabolised as an energy source in the cultured mammalian cells to produce ATP by the Glucose pulsed fed-batch-cultivation TCA cycle (Reitzer et al. 1979; Schumpe et al. 1982) . Lactate is mainly derived from glucose and only Initial glucose concentration was only 6.7 mM. Daily partly from glutamine (Reitzer et al. 1979 ; Zielke et glucose pulses with 2 ml concentrated sterile glucose al. 1984). At high concentration of glutamine the solution (0.3 M) were made resulting in a concenformation of ammonia is increased. 2 ml of a concentration increase of 5.6 mM. Cells were used for trated, sterile glutamine solution was fed daily after culture. The maximum cell density was 2 3 10 cells 21 ml which means an about 35% increase of populaBatch culture with PMS tion compared to conventional batch cultivation (Figure 8 The dynamics of dissolved oxygen and carbon dioxproduction was higher than in conventional batch ide were monitored using a membrane inlet mass cultivation indicating that lactate was not inhibitory in spectrometer. The estimation of carbon dioxide prothis experiment. This situation can occur due to duction took into account its dissociation to bicarbonstimulation of the pentose-phosphate pathway ate. The system used here allows the estimation of (Hothersall et al. 1979 were observed in batch cultivation with PMS. On the other hand, lactate production rate was also very high in this experiment. Cells grown in HEPES buffered medium showed a drastically reduced RQ value and low lactate production compared to the bicarbonate buffered culture. In glucose pulsed batch culture RQ was slightly increased, compared with the reference batch culture. In glutamine pulsed culture lactate formation was higher. PMS culture showed highest final cell density and highest specific respiration rates during the exponential phase. The resulting specific rates are quite comparable with those obtained during batch cultivation in a stirred tank reactor but with a different nutrient medium (Eyer and Heinzle 1995) . q values measured here are generally higher by O2 about 70%. This can be explained by a higher fraction of oxidative metabolism using glutamine as carbon source. Mean RQ values in the growth phase were very constant between 0.90-0.94 except for the HEPES buffered batch, where the value was only 0.67. The relatively low production of CO in the 2 HEPES buffered batch might be caused by the low metabolic activities caused by initial lack of CO .
2
The small volume of the reactor together with low 4 21 cell density requirement (. 2 3 10 cells ml ) is useful to measure the respiration rates and the respiratory quotient of all kinds of samples from T-flasks as well as from larger scale cultivations. Furthermore, it can be used for the dynamic metabolic flux moni- comes from which carbon source (e.g. glutamine or
